Chronic alcohol consumption changes gene expression, likely causing persistent remodeling of synaptic structures via altered translation of mRNAs within synaptic compartments of the cell. We profiled the transcriptome from synaptoneurosomes (SNs) and paired total homogenates (THs) from mouse amygdala following chronic voluntary alcohol consumption. In SN, both the number of alcohol-responsive mRNAs and the magnitude of fold-change were greater than in THs, including many GABA-related mRNAs upregulated in SNs. Furthermore, SN gene co-expression analysis revealed a highly connected network, demonstrating coordinated patterns of gene expression and highlighting alcohol-responsive biological pathways, such as long-term potentiation, long-term depression, glutamate signaling, RNA processing and upregulation of alcohol-responsive genes within neuroimmune modules. Alterations in these pathways have also been observed in the amygdala of human alcoholics. SNs offer an ideal model for detecting intricate networks of coordinated synaptic gene expression and may provide a unique system for investigating therapeutic targets for the treatment of alcoholism.
INTRODUCTION
Alcohol dependence is a severe and widespread disease. Over 17 million Americans suffer from alcohol-related problems; total cost estimates of substance abuse in the United States exceed $600 billion annually, with 39% of that cost related to alcohol. 1, 2 The pharmacotherapies available today are significantly limited due to side effects and failure to relieve drug craving, leading to high relapse rates.
Chronic alcohol use produces long-term neuroadaptations in synaptic structure and function, which are likely caused by persistent changes in gene expression. [3] [4] [5] [6] This leads to a remodeling of neural circuitry [7] [8] [9] and is one of the main features of addiction. [10] [11] [12] Synaptic translation of mRNA is a cardinal process underlying normal function, [13] [14] [15] [16] and perturbation by alcohol represents a mechanism contributing to synaptic neuroadaptations. 17 The composition of specific mRNAs in the synaptic compartment may give insight into the neurobiology of different states of addiction and is an unexplored avenue of research.
Given the role of synaptic plasticity in alcohol dependence, selecting a biologically relevant model system for analysis of the synaptic transcriptome is of critical importance. Although total homogenate (TH) preparations have been used for mRNA and alcohol studies in the past, this method limits identification of regional mRNAs and likely underestimates the number and magnitude of alcohol-responsive transcripts in the synapse. Synaptoneurosomes (SNs) contain membrane vesicles of presynaptic and postsynaptic compartments composed of primarily neurons as well as astrocytes and microglia. SNs have been used to study local translation of mRNAs in the synapse 15, 16 and may prove to be a superior model system for alcohol effects confined to synaptic regions of the cell.
In order to measure discrete changes within the synaptic transcriptome following chronic alcohol consumption, we profiled mRNAs from SN 15, 16, 18, 19 and TH samples from mouse amygdala, a brain region known to be involved with the negative reinforcement of alcohol and other drugs of abuse. 20 The present findings reveal greater expression of alcohol-responsive mRNAs in SN compared with TH. Using gene expression patterns to generate biological networks, the SN preparation appears ideally suited for detecting alcohol-responsive groups of genes that have been shown to be important in human alcoholism. The gene clusters isolated in SN could prove useful in developing targets for the future treatment of alcoholism.
MATERIALS AND METHODS

Animal housing and alcohol self-administration
Adult (2-month old) C57BL/6 J female mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA) and were maintained at the University of Texas at Austin Animal Research Center. Mice were given a 1-week acclimation period in combined housing and another week to acclimate to the bottle position in individual housing. Food and water were provided ad libitum and monitored daily, as were the temperature and light/dark cycles. Mice underwent a 30-day two-bottle choice paradigm with continuous (24 h) access to one bottle of 20% ethanol and one bottle of water, similar to that described previously 21 (n = 8 alcohol group, n = 13 control group). Bottle weights were recorded daily, and the amount of alcohol consumed throughout the 30 days was calculated as g kg − 1 (Supplementary Figure S1) . Bottle positions were changed daily to control for position preferences, and mice were weighed every 4 days. All procedures were approved by the Institutional Animal Care and Use Committee at the University of Texas at Austin and adhere to NIH Guidelines for the ethical care and use of animals in research.
SN preparation and RNA extraction
Mice were euthanized by cervical dislocation and then decapitated. Brains were removed and washed for 1 min with 1 ml of ice-cold Homogenizing Buffer (HB) containing 20 mM Hepes, 1 mM EDTA (pH 7.4), 40 U ml RNAseOut (Invitrogen, Carlsbad, CA, USA), phosphatase inhibitor cocktail 3 (Sigma, St Louis, MO, USA) and protease inhibitors 'Complete' (Roche, Indianapolis, IN, USA). Brains were then placed in a coronal Zivic mouse brain slicer with a 0.5 mm resolution (Zivic Instruments, Pittsburgh, PA, USA) and sliced in the following coordinates in order to isolate extended amygdala (two coronal slices were made for greater ease of dissection): coronal level 56-66 (Bregma (−0.18)-(−1.155)) and 66-80 (Bregma (−1.155)-(−2.55)). The extended amygdala was dissected, placed in icecold HB (250 ml) and homogenized for 1 min using a VWR homogenizer and pestle (VWR, Radnor, PA, USA). To minimize homogenate loss, pestles were washed with 50 ml HB after use, and the wash was collected and added to the sample. Ten percent of the homogenate (30 ml) was snapfrozen in liquid nitrogen and stored at − 80°C for subsequent RNA TH analysis.
Paired SNs 18 were isolated from the rest of the homogenate (270 ml) in a manner similar to that described previously. 15 Briefly, homogenates were filtered through a 100-μm pore filter and subsequently through a 5-μm pore filter (Millipore, Billerica, MA, USA); filters were washed with HB before use for protection from RNAse. To maximize yield, the filters were washed with 50 ml HB after use, and the wash was collected and added to the homogenate. The homogenate was then centrifuged at 14 000 g for 20 min at 4°C in order to pellet the cell fraction containing SNs. 15, 19, 22 The supernatant was removed and the pellet snap-frozen and stored at − 80°C for SN RNA analysis. Microscopy was used to further characterize the SN preparation (see Supplementary Methods).
Total RNA was extracted from 21 SN and 21 paired TH samples with the Direct-Zol RNA extraction kit (Zymo Research Corporation, Irvine, CA, USA), using IC columns according to the manufacturer's instructions. The RNA was quantified using NanoDrop1000 (Thermo Fisher Scientific Inc., Rockford, IL, USA) and assayed for quality using Agilent 2100Tape-Station (Agilent Technologies, Santa Clara, CA, USA). The cutoff criteria were set on 280/26041.7, RIN46.5 and amount of total RNA4500 ng.
Microarray hybridization, data quality assessments and analysis RNA samples were processed at the University of Texas Southwestern Medical Center microarray facility in Dallas. mRNA was amplified and biotin-labeled using the Illumina TotalPrep RNA Amplification kit (Ambion, Austin, TX, USA) and hybridized to Mouse WG-6 v2.0 Expression BeadChips (Illumina, San Diego, CA, USA). Each array contained SN and paired TH samples from control and alcohol-treated mice. These were assigned randomly to each array. The array data were analyzed using R environment and Bioconductor packages, similar to our published studies. 21, 23 The 'Lumi' package 24, 25 was used to preprocess the data using variance stabilization transformation (variance within array), 26, 27 quantile normalization (variance between arrays) and background subtraction. 24, 25 Quality measures were taken before and after preprocessing using the arrayQualityMetrics package 28, 29 to remove outliers determined by at least two out of the three tests in the package, and care was taken that the normalization did not skew the data (two TH samples out of the 42 failed to pass the cutoff and were therefore removed from the analysis). This package was also used to generate the principal component analysis. Transcripts significantly detected on 80% of the arrays were used in the analysis (detection probability o0.05). The data presented in this publication have been deposited in NCBI's Gene Expression Omnibus 30 and are accessible through GEO Series accession number GSE51730.
The 'Limma' package 31 was used for differential expression analysis between SN and paired TH samples (paired/dependent t-test) and between the alcohol and control samples in SN and TH (two independent t-tests). A list of alcohol-responsive mRNAs was compiled from the list of genes differentially expressed between alcohol and control samples. A weighted gene correlation (co-expression) network analysis 32 was generated for the combined control and alcohol data, using the weighted gene correlation (coexpression) network analysis (WGCNA) package. 32 Alcohol-responsive mRNA enrichment analysis was performed for each module using an over-representation (hypergeometric) test with a cutoff P-valueo 0.05. To determine alcohol-responsive SN and TH modules, we used the 'alcoholresponsive mRNAs' lists from our data. For details on the WGCNA parameters, see Supplementary Methods. We evaluated whether the correlation between alcohol consumption and TH modules would increase depending on WGCNA parameters. We generated another TH WGCNA network and optimized for the highest correlation of modules with consumption (top 10% of the modules). Enrichment and clustering analyses were performed using KEGG pathways, Wikipathways, gene ontologies and protein interactions, part of the Database for Annotation Visualization and Integrated Discovery (DAVID), 33 WEB-based GEne SeT AnaLysis Toolkit (Webgestalt) 34, 35 and Ingenuity Pathway Analysis (IPA; Qiagen, Valencia, CA, USA). All P-values from these analyses were adjusted using the Benjamini-Hochberg method (BH). Synaptic mRNA enrichment was assessed using a list of mRNAs enriched in the synaptic neuropil 36 and in process-localized mRNAs. 36 For alcohol-responsive mRNA enrichment, we used a human alcoholic mRNA data set 23 from the amygdala, quantitative trait loci mRNA list 37 and a list of mRNAs from prefrontal cortex of C57BL6 after a twobottle choice paradigm. 21 For cell types and immune response enrichment, we used the following lists of genes: neuronal, astrocytic and oligodendrocyte, 38 microglial, 39 glutamate/GABA 40 and lipopolysaccharide (LPS)-regulated mRNAs. Four hundred forty-six mRNAs were enriched in the SN and there were 163 functional clusters. In order to find the most synaptically-enriched pathways, we used a higher threshold fold-change of 25%. The top 5 clusters are shown (BH, P o0.05). Gene symbols are shown for each cluster. 
RESULTS
The SN transcriptome is composed of synaptic mRNAs and is distinct from the TH We compared SN and TH transcriptomes from mouse amygdala and detected 17 514 and 18 318 transcripts in the SN and TH microarrays, respectively, with a high overlap of detected transcripts (17 265). We studied the expression levels using principal component analysis and found a distinct clustering of the two types of preparations, while showing a homogenous sample population within each preparation ( Figure 1a ). The clustering was evident along the first principal component, indicating that the largest variation stems from distinct expression levels in the two preparations. We identified 4539 differentially expressed unique mRNAs (BH, P o0.05), with 2119 mRNAs enriched in the SN (Supplementary Table S1 ) and 2420 mRNAs enriched in the TH (Supplementary Table S2 ). We used DAVID to compare the SN-and TH-enriched cellular components and found that the SN contained fewer somatic and intracellular components, while preserving and enriching the synaptic mRNAs (Table 1) . Among the SN-enriched transcripts, many known synaptic mRNAs were over-represented in this preparation ( Table 2) . Most of these synaptic functional groups were not detected in the TH, indicating that enriched synaptic mRNAs are more readily detected in the SN. Webgestalt was used to investigate known pathways (KEGG and Wikipathways; Supplementary Table S3) and to generate a network of known protein interactions enriched in the SN (Figure 1b) . The network was associated with axon guidance and cell leading edge and highlighted the Dlg family (also known as postsynaptic density proteins or PSDs). SN (but not TH) transcripts were also over-represented with synaptic mRNAs in a high-resolution study exploring the synaptic neuropil.
36 Table 3 . Thirty alcohol-responsive mRNAs in synaptoneurosomes (SN) that were not significantly changed in total homogenates (TH). Abbreviation: QTL, quantitative trait loci. The significant over-representations are highlighted in bold.
Profiling alcohol-responsive synaptic mRNAs D Most et al
The greater resolution of SN preparation captures the molecular effects of alcohol We next identified mRNAs from the amygdala of 8 alcohol-treated and 13 control mice, for a total of 21 SN and paired TH samples. In SNs, 1531 alcohol-responsive mRNAs were identified, compared with 462 in THs (Figure 2a) . Examples of alcohol-responsive mRNAs, fold-changes and P-values are shown in Table 3 , and the full list is shown in Supplementary Table S4 . We examined the number and magnitude of fold-changes (Figure 2b ) as a potential means for identifying the most important mRNAs involved in alcohol-induced changes. SNs had three times more alcoholresponsive mRNAs and larger fold-changes than THs. Twentythree percent of the TH alcohol-responsive mRNAs were also detected in SN, compared with only 7% of SN alcohol-responsive Profiling alcohol-responsive synaptic mRNAs D Most et al mRNAs that were detected in THs (Figure 2c) . A functional annotation of the top alcohol-responsive mRNAs revealed a higher enrichment score for synaptic mRNAs in SNs than in THs. IPA was used to study the molecular and cellular functions of SN alcoholresponsive mRNAs, highlighting the following top five pathways: molecular transport, protein trafficking, RNA posttranscriptional modification, cell morphology, and DNA replication, recombination, and repair. Importantly, the alcohol-responsive mRNA list from SNs was strikingly similar to the mRNA list obtained from human alcoholics ( Table 4 ), suggesting that the alcohol-drinking paradigm used in this study induced similar mRNA changes in mouse amygdala to that observed in human amygdala 23 and also demonstrating that SNs are ideal for characterizing transcriptome changes in chronic ethanol-treated mice that are relevant in human alcoholics. The SN alcohol-responsive mRNAs were highly enriched for neuron process-localized mRNAs 36 and contained many alcohol-consumption quantitative trait locus genes found in mice, 37 further highlighting this preparation as a tool to detect alcohol-responsive mRNAs related to synaptic function and structure.
Alcohol affects the transcriptome in a coordinated manner We used WGCNA 32 to group genes into modules that have strong co-varying (similar) patterns of expression across the sample set. Hierarchical clustering showed that the SN preparation contains groups of mRNAs that have highly coordinated patterns of expression (Figure 3a) . When using the same parameters for THs, the majority of mRNAs showed dissimilar levels of expression (marked by the gray color) (Figure 3b) . We adjusted the TH network parameters to optimizing module correlation with alcohol consumption. Allowing for less similarity between the mRNAs would enable greater detection of group-clustered modules in THs (Supplementary Figure S3a) . However, the change in parameters did not significantly affect the correlation between the TH modules and alcohol consumption (Supplementary Figure  S3b) . In SNs, 40% of the modules were significantly correlated with alcohol consumption (average r = 0.6, P o 0.05) (Supplementary Figure S3c) . We then determined the modules that were overrepresented with alcohol-responsive mRNAs (referred to as 'alcohol-responsive modules'). In SNs, 10 out of the 54 alcoholresponsive modules were detected (8 were upregulated and 2 were downregulated; Supplementary Table S5) .
These modules were significantly associated with biological pathways such as those associated with long-term potentiation and depression and RNA processing and contained many mRNAs associated with potassium channels, glutamate and GABA systems. Upregulated mRNAs include Camkk2, Camta1, Capn2, Ntrk2, Ntsr2, Stx18, Stx8, Stxbp4, Syap1, Synj2bp, Prkcdbp and Grk6. Downregulated mRNAs include brain-derived neurotrophic factor (BDNF), Camsap3, Capn6, Negr1, Nptn, Ntrk2, Unc5c, Stx3, Stxbp1, Stxbp2, Syncrip, Sst, Sstr2, Sncb and Timp4. The potassium channel family was also highly responsive to alcohol and includes the voltage-gated potassium channels (Kcna6 and Kcnq2, downregulated), calcium-activated Kcnu1 (SLO-3-slowpoke3, downregulated) and inwardly rectifying potassium channels (Kcnj1 and Kctd20, upregulated). The following glutamate-and GABArelated transcripts were upregulated: Grk6, Glud1, Slc1a2, Slc1a3, Gabbr1, and Gabrb2, whereas the following were downregulated: Grina, Gria2, Grip1, VGlut2 (Slc17a6), Grm7, and Narg2.
As mentioned, RNA processing machinery was a highly overrepresented biological pathway associated with alcohol-responsive mRNAs (Figure 4 ). These mRNAs include RNA transcriptional, translational, spliceosomal and editing machineries, as well as many mRNAs for ribosomal proteins, suggesting that chronic alcohol affects translational mechanisms in the synapse. SN alcohol-responsive effects are cell-type specific A cell-type-specific enrichment analysis was performed for the alcohol-responsive mRNAs using neuronal, astrocytic, oligodendrocyte, microglial, GABA and glutamate gene lists (see Methods for details). The upregulated alcohol-responsive mRNAs in SNs were enriched with microglial, astrocytic and GABAergic cell types, while the downregulated mRNAs were enriched in neuronal cell types (Table 5 ). This trend of upregulation of microglial cell types was also true for the SN modules in the WGCNA network (Figure 5a ). Of the eight alcohol-responsive upregulated modules in SN, six were also positively correlated with alcohol consumption and enriched with microglia and astrocyte mRNAs ( Table 6 ). The two downregulated modules were negatively correlated with alcohol consumption and enriched in neuronal mRNAs. DAVID and Webgestalt were used to find the KEGG and Wikipathways over-represented in each of the modules (Figure 5b ). In the THs, only three modules were found to be cell specific (two astrocytic/ microglial and one neuronal).
The immune system, specifically the neuroimmune system, has been recently implicated in alcohol dependence, 41 and LPS treatment, which activates an immune response, enhances alcohol consumption in mice. 42 An over-representation analysis of the SN alcohol-responsive mRNAs with a list of LPS-regulated mRNAs showed a significant representation of LPS mRNAs (P o 0.05) and highlighted 55 common mRNAs found in chronic alcohol and chronic LPS treatment. Many astrocyte and microglial transcripts related to neuroimmune signaling were upregulated by chronic alcohol consumption. Key immune/inflammatory genes, including Tnfaip8l2, Tnfrsf10b, Traf4 and Tollip, were all upregulated by alcohol. In addition, chemokine and complement-related transcripts were upregulated, including the following: Ccr5, C1qa, C1qb, Ccrn4l, CCR4, Cxcl14, Gfap and Gbas. The gluthathione and peroxisome pathways were altered by alcohol, almost all of which were upregulated (Gstk1, Gstm5, Gstm6, Gpt2, Gpx4, Gpx7, Pex5, Pex6, Prdx3).
DISCUSSION
We profiled mRNAs from SNs and paired TH preparations from the amygdala of ethanol-treated mice, using a within-subject comparison, and found a robust difference between the SN and TH alcohol-responsive mRNAs. A greater number of alcohol-responsive mRNAs with larger fold-changes were detected in the SNs as well as a greater enrichment of synaptic mRNAs. Our results suggest that the SN is a useful preparation for studying synaptic (both neuronal and glial) molecular changes associated with chronic alcohol consumption.
Although there are other reports of RNA composition in synaptic preparations, 36, [43] [44] [45] [46] [47] there have been no direct comparisons of synaptic vs paired TH. The SN preparation has been used to identify synaptic networks related to neurodegenerative disorders, 48 mental retardation, 13 schizophrenia 49 and cocaine addiction. 50 However, this is the first alcohol study utilizing SN preparations. We used a model of alcohol consumption that produces intoxicating blood ethanol concentrations 51 and induces mRNA expression changes in the prefrontal cortex of mice, 21 as well as functional changes in the nucleus accumbens. 51 Our results, showing that the THs from amygdala contained 500 differentially expressed mRNAs, are consistent with previous findings. 21 A key finding is that the chronic alcohol paradigm used here in mice induces changes in the transcriptome of the amygdala that are similar to those observed in the amygdala of human alcoholics (Table 4) . 23 Our current results also highlight the utility of SNs compared with THs in studying alcohol's molecular effects, given that the overlapping expression changes between mouse and human were observed using SNs but not in our previous studies using THs. 21 There are two possible explanations for the difference between the SN and TH preparations. First, restricting gene expression profiling to the synaptic compartments (preventing dilution with the somatic transcriptome) should facilitate detection of specific mRNAs that are localized to the synapse. Our results from the weighted gene co-expression networks showed many mRNAs with similar or overlapping patterns of expression in SNs, while the TH network contained few overlapping networks. The similarity in functional gene networks in SNs facilitates the detection of Table 5 . Over-representation of the cell types for the alcohol-responsive mRNAs in synaptoneurosomes (SN) and total homogenates (TH)
Data set Microglia
P-value
Astrocytes
P-value
Neuron
P-value
Oligodendrocytes P-value The number of overlapping mRNAs and over-representation P-values are shown for microglia, astrocyte, neuron, oligodendrocyte, glutamate and GABA mRNA lists. The significant values (Po 0.05) are bolded.
Fold changes above 10% were used for the SN-and TH-enriched lists.
Profiling alcohol-responsive synaptic mRNAs D Most et al alcohol actions that are specific to the synaptic region. Second, alcohol could selectively target synaptic mRNAs, ultimately changing gene expression in the synapse. This is supported by the finding that RNA processing machinery was responsive to alcohol. For example, RNA transcriptional, translational, spliceosomal and editing machineries, as well as many ribosomal proteins, were over-represented in the alcohol-responsive mRNAs and the different modules, suggesting that chronic alcohol use affects translation in the synapse. Studies of synaptic compartments show involvement of microRNAs in regulating synaptic translation of mRNAs. 15, 16, 52 Furthermore, microRNAs, their precursors and processing enzymes show synaptic localization, suggesting a wellorchestrated microRNA regulation in the synapse. [53] [54] [55] In fact, our data show that synaptic microRNA enzymes such as Dicer1 and Eif2c3 are alcohol sensitive. Previous studies from our group anticipated that Dicer would be a predicted target of microRNAs in human alcoholic brain samples. 56 It is appealing to propose that alcohol affects synaptic microRNA machinery, allowing for targeted regulation of gene expression in the synapse.
We found that BDNF and its receptor TrkB as well as potassium channels were all altered by alcohol, corroborating well-documented alcohol-induced changes in these receptors. BDNF was The significant values (Po0.05) are bolded. Average fold-change41 indicates an increase in gene expression in a module and fold-change o1 indicates reduction in gene expression.
Profiling alcohol-responsive synaptic mRNAs D Most et al downregulated, whereas one TrkB transcript was downregulated and one was upregulated. These results might be due to probe hybridization differences stemming from different splice variants. BDNF is involved in synaptic plasticity, 57,58 obesity 59 and addiction, 60 and potassium channels have been associated with increased sensitivity and tolerance to the sedative effects of ethanol, 61 seizure susceptibility, 62 neonatal familial convulsions and epilepsy 63 and may be important in the withdrawal-induced seizures caused by chronic alcohol consumption in humans.
Chronic alcohol use might result in increased metabolism of alcohol or acetate in the brain. 64 A study in human alcoholics showed an increase in glutamate-glutamine and GABA labeling in heavy compared with light drinkers. 64 In our study, we found many alcohol-metabolizing enzymes that were upregulated by alcohol consumption, in agreement with a previous study. 65 Furthermore, alcohol-responsive glutamate and GABA mRNAs were detected in SNs (GABA-related mRNAs were associated with the upregulated alcohol-responsive mRNAs, see Table 5 ). Figure 6 illustrates how the alcohol-responsive mRNAs can participate in alcohol degradation to produce metabolites that can enter the TCA cycle and be converted into glutamate, which may contribute to the dysregulation in the glutamate system seen in alcoholics.
The sensitivity of the SN preparation compared with the TH also allowed for improved cell-type enrichment analysis, enabling the detection of a high positive correlation of astrocyte and microglial mRNAs with alcohol consumption in the SNs. All of the alcoholresponsive genes in these astrocyte/microglia modules were upregulated. Given that these cell types are generally associated with neuroinflammation, a potential consequence of chronic alcohol use is activation of neuroimmune signaling. The adaptation of the neuroimmune system is consistent with data from the amygdala of human alcoholics 23 and supports the emerging concept that there is a neuroimmune response to chronic alcohol use. 41 In addition, astrocytes might have role in regulating synaptic plasticity by altering the levels of glutamate, GABA and tumor necrosis factor-alpha available in the synapse. 66 We found that all three of these systems were sensitive to alcohol, including glutamate and GABA metabolizing enzymes, receptors and transporters and tumor necrosis factor-alpha receptors and their interacting proteins. This suggests that the upregulated astrocytespecific genes could induce a wide range of effects following chronic alcohol consumption, ranging from neuroimmune to plasticity responses. The SN preparation also enriches for perisynaptic microglial and astroglial processes. 67, 68 As microglia and astrocytes can actively engage in synaptic function 68 and have been associated with alcoholism, 23 the SN preparation may be useful in investigating alcohol's effects on the neuroimmune system. Because the cell-type specificity in our SN preparation is not known, we used a comprehensive bioinformatics approach similar to Ponomarev et al., 23 including identifying mRNAs which are co-expressed with known astro-glial markers and examining the astro-glia mRNAs altered by alcohol consumption. Extra-nuclear splicing has been discovered as a process involved in synaptic structure and function, 69 and this process may explain why nuclear mRNAs were found in the SN preparation. Alternatively, there could be some nuclear contamination. The estimate of nuclear contamination in our SN preparation is based on two main measurements: (1) DAPI (4',6-diamidino-2-phenylindole) staining of nuclear DNA, showing no detected staining in the SNs (Supplementary Figure S2) . 70 (2) Neun (a nuclear protein) western blots, showing the SN preparation decreases 75% of the Neun found in the TH. 70 Although there is evidence for synaptic translation in postsynaptic neuronal compartments, 71 translation might also take place in the presynaptic compartment (axonal terminal). 72 The SN preparation enriches for both the presynaptic and the postsynaptic fractions, and further research is warranted to determine whether alcohol differentially affects these two compartments.
In summary, we identified coordinated changes in mRNA expression in SNs and THs following chronic alcohol consumption. The expression changes in SNs from mouse amygdala corroborate that seen in the amygdala of human alcoholics and include overlapping changes in GABA, glutamate and neuroimmune pathways. Our results demonstrate that (1) the mouse chronic-drinking paradigm used in this study is sufficient to produce the same expression changes previously seen in human alcoholics and (2) the parallel changes are evident for the SN but not TH mouse transcriptome. Our results highlight the advantage of the mouse SN preparation for identifying therapeutic gene targets for alcohol dependence that are relevant in humans and for studying synaptic plasticity under normal and disease conditions.
